INTRODUCTION
MicroRNAs (miRNAs), $22-nucleotide RNAs found in higher eukaryotes, are involved in numerous biological processes. Watson-Crick base pairing between the 5 0 nucleotide region of the miRNA-the so-called ''seed region''-and sites within a 3 0 untranslated region (UTR) direct the miRNA-silencing complex to this target messenger RNA (mRNA) and elicit its repression (Bartel, 2009) , primarily by mRNA degradation (Baek et al., 2008; Guo et al., 2010; Hendrickson et al., 2009) . As the seed region is the main determinant of target specificity, those miRNAs with the same seed repress the same mRNAs and are, thus, said to constitute a miRNA family.
Several miRNA families have attracted attention for their involvement in regulating the cell cycle and for their misregulation in cancer cells. One particularly well-studied example is the highly conserved miR-16 family, comprised of six mature miRNAs (miR-15a/b, miR-16, miR-195, miR-424, and miR-497) that are transcribed from four genomic loci. The deletion or downregulation of both miR-15a and miR-16 in cases of B cell chronic lymphocytic leukemias (B-CLL) first suggested an association of this family with cancer (Calin et al., 2002) . Further supporting a broad role as potential tumor suppressors are reports that members of this family are often downregulated in other types of cancer, such as colorectal cancer and lung adenomacarcinomas (Bandi et al., 2009; Calin et al., 2005; Klein et al., 2010; Liu et al., 2010) . Indeed, although miR-195 is downregulated in colorectal cancer, restoration of its expression in cell lines is sufficient to repress tumorigenicity . Inversely, deletion of the genomic 13q14 region in mouse models, which encodes the mir-15a$16-1 locus, recapitulates B-CLL phenotypes seen in humans (Klein et al., 2010) . This role for the miR-16 family can be explained by several of its mRNA targets: the antiapoptotic gene BCL2; genes involved in the MAP kinase pathway, such as MAPK3, MAP2K1, and MAP3K4; and numerous genes involved in the G1-S transition, such as CYCLIN D1/2/3, CYCLIN E1, CDC25A, and CDK6 (Bonci et al., 2008; Cimmino et al., 2005; Linsley et al., 2007; Liu et al., 2008; Marasa et al., 2009) . Consistent with these targets and a corresponding ability for this family to repress the G1-S transition, overexpression of any family member is sufficient to induce an accumulation of cells in G1 (Linsley et al., 2007; Liu et al., 2008) .
Perturbations of the cell cycle are also known to regulate miRNAs. For example, upon DNA damage or oncogenic stress, the miR-34 family is highly upregulated (He et al., 2007) . This upregulation is mediated by p53 and is thought to reinforce cell-cycle arrest, perhaps by targeting the 3 0 UTRs of CYCLIN E2 and CDK6. Underscoring the importance of this response, recent work has shown that a p53-independent pathway, mediated by p38 signaling, also activates miR-34c expression in response to DNA damage (Cannell et al., 2010) .
However, a key issue for understanding the relationship between the cell cycle and miRNAs remains: upon resumption of the cell cycle, what is the fate of these upregulated miRNAs and their targets? It has long been hypothesized that most miRNAs are highly stable and are downregulated primarily through dilution (van Rooij et al., 2007) . Such a process, though, would be insufficient to rapidly downregulate miRNAs upon cellcycle re-entry. Although recent work in plants, Caenorhabditis elegans, and mammalian systems indicates that some miRNAs are subject to specific degradation (Ameres et al., 2010; Bail et al., 2010; Burns et al., 2011; Hwang et al., 2007; Krol et al., 2010; Ramachandran and Chen, 2008) , the involvement and importance of such miRNA decay processes during the cell cycle have thus far been unstudied.
In order to investigate this issue, we profiled miRNAs from cells arrested in G0 by serum starvation and from cells released back into the cell cycle. Among those miRNAs displaying the most rapid downregulation was miR-503, a member of the extended miR-16 family. Other canonical members of the family were also downregulated. The dramatic decrease in levels of miR-503 was mediated by active turnover of the miRNA, which we show to be constitutive and dependent on nucleotides in the seed region, combined with presumed transcriptional repression. Arrest in G0, but not in other points of the cell cycle, dramatically increased levels of this miRNA family. Taken together, these data indicate that the miR-16 extended family, which has been known to modulate the cell cycle, is itself dynamically regulated by the cell cycle with coordinated transcriptional regulation and constitutive miRNA decay. Moreover, the observed changes in miRNA levels are consequential for the repression mediated by this miRNA family. We propose that by differentially repressing the activity of several genes known to promote the G1-S transition, the changes in levels of the miR-16 family reinforce other cell-cycle pathways.
RESULTS
miR-503, a Member of the Extended miR-16 Family, Decreases 10-Fold during Cell-Cycle Re-entry In order to profile the expression of miRNAs during cell-cycle re-entry, we synchronously released NIH 3T3 cells, which had been arrested in G0 by serum starvation, back into the cell cycle with the addition of serum. Cells were harvested at various time points, and their cell-cycle distribution was confirmed by propidium iodide staining and FACS analysis ( Figure S1A ). With high-throughput sequencing, we profiled small RNAs in cell samples arrested in G0, as well as those progressing through G1, S, G2/M, and the subsequent G1. Several miRNAs displayed dynamic expression patterns, in some cases changing more than 3-fold between two successive phases of the cell cycle (Figure 1A) . miR-10a and miR-503 were the most downregulated upon cell-cycle re-entry, decreasing to less than one-tenth of their G0 levels. As this transition from G0 to G1 occurred in 12 hr, such a decrease suggested that these miRNAs were unusually unstable and downregulated by active degradation. We followed up on miR-503 because miR-10a was lowly expressed, and its sister miRNA, miR-10b, was substantially more abundant and not downregulated during the G0-G1 transition.
Although no other annotated miRNA has the same seed region as miR-503, the closest seed sequence is that of the miR-16 family, which differs only at nucleotide eight: this nucleotide is a guanosine in miR-503 and an adenosine in the miR-16 family ( Figure 1B ). Such similarities lead to an overlap in target mRNAs-8-mer sites for miR-503 are recognized as 7-mer-A1 sites by canonical miR-16 family members and vice versa (Figure 1B, Figures S1H and S1I) . We note that because positions 7 and 8 pair to a CG dinucleotide (which is strongly depleted in mammalian mRNAs), miR-503 has few predicted targets containing 7-mer-m8 sites and, thus, has few predicted targets not also recognized by the miR-16 family.
Members of the miR-16 family are expressed from four loci as pairs of hairpins, closely spaced with linker regions of 150-200 nucleotides ( Figure 1C ). Taken with similar tissue expression (Chiang et al., 2010) , the genomic organization of mir-322 (which is known as hsa-mir-424 in humans) and mir-503 suggested that they are part of the same transcriptional unit ( Figure 1C ), which also likely includes mir-351, encoding a miRNA of a different seed family (data not shown). The seed-region similarities, as well as the genomic organization, led us to classify miR-503 as part of the extended miR-16 family.
The Extended miR-16 Family Coordinately Decreases during Cell-Cycle Re-entry In considering the ramifications of miR-503 degradation upon cell-cycle re-entry, we examined the response of other family members during the transition to G1 ( Figure 1D ). Overall, during this 12 hr transition, the number of sequenced RNAs from the extended family decreased by 43%. In addition to the reduced levels of miR-503, this overall decrease was attributed to decreases in miR-15a/b and miR-322: the levels of miR-15a and miR-322 in G1 were one-third of those in G0, suggesting that these two miRNAs might also be unstable. miR-16 sequencing reads were unchanged, and miR-195 and miR-497 were not expressed. In contrast, the let-7 family did not show coordinate regulation, and levels of this family were unchanged in comparing G0 and G1 ( Figures S1D and S1E) .
In order to confirm these results from small-RNA sequencing, we repeated the synchronization experiment and characterized the expression of the miR-16 family by northern blotting (Figure 1E and Figure S1F ). Consistent with the high-throughput sequencing data, miR-16 family members decreased after the addition of serum, and, in the case of miR-503, levels decreased 10-fold upon cell-cycle re-entry. The changes in miR-503 were rapid. When looking at the first 12 hr after serum addition, we observed that the levels decreased nearly 4-fold even within 6 hr, indicating an apparent half-life of 3.6 hr for miR-503 (Figure 1F) . miR-322 also displayed rapid decreases and had an apparent half-life of 5.8 hr ( Figure S1G ). These half-lives, which are unusually short for miRNAs, represent upper limits on the stability of these miRNAs, because residual synthesis of the miRNAs would imply even shorter half-lives.
miR-503 Is Constitutively Unstable
After the addition of serum, pre-miR-503 was no longer visible by northern blotting (Figure 1E ), suggesting that production of the miRNA-either at the level of transcription or generation of the pre-miRNA-might be cell cycle-regulated and inhibited upon serum addition. Our initial observations of the behavior of miR-503 also indicated that it was unstable and subject to active degradation. We conceived of two alternative models to unify these observations. In one model, miR-503 is constitutively unstable, and, due to this instability, its levels are highly dynamic, rapidly changing after changes in transcription and/or processing. In the other model, the instability of miR-503 is regulated coordinately with the transcription/processing control, such that miR-503, while stable in G0, becomes unstable upon addition of serum. A) miR-503 levels decrease after cell-cycle re-entry. After NIH 3T3 cells were arrested in G0 by serum starvation, cells were released synchronously into the cell cycle by the addition of serum, and miRNAs were profiled at various phases in the cell cycle. Plotted are log 2 -fold changes in miRNA levels between consecutive cell-cycle phases, as determined by Illumina high-throughput sequencing, where each square represents one miRNA and the black line is the median fold change. Dark gray denotes a fold change of two or less; light gray, a fold change between two and three. The red squares represent the fold change of miR-503 between successive phases. (B) Sequences of the canonical members of miR-16 family and miR-503. The miRNA seed, nucleotides 2-7, is shaded in gray. The eighth nucleotide, which differs between canonical miR-16 family members and miR-503, is shown in red (for canonical members) and in green (for miR-503). Various classes of targets are shown with sites highlighted in purple; those nucleotides that interact specifically with canonical members or miR-503 are highlighted in red and green, respectively. R indicates purine (A or G). (C) Schematics of the four loci encoding the extended miR-16 family. mir-351 is likely part of the same transcriptional unit as mir-322 and mir-503. (D) Overall levels of the miR-16 family decrease upon cell-cycle re-entry. Log 2 -fold changes observed upon cell-cycle re-entry for each expressed member of the extended miR-16 family as well as the extended family. (E and F) Members of the miR-16 family respond to the cell-cycle re-entry as determined by northern blotting. As in (A), NIH 3T3 cells were arrested by serum starvation and synchronously released into the cell cycle. Samples were harvested at various points after the addition of serum. Levels of indicated miRNAs were normalized to U6 snRNA (bottom panel).
In order to distinguish between these possibilities, a Tet-Off system was used to investigate the instability of miR-503 during arrest in G0. We generated retroviral constructs with a bicistronic cassette of pre-mir-503 and pre-hsa-mir-122 (a miRNA stable in NIH 3T3 cells [data not shown]) under a Tet-responsive promoter ( Figure 2A ). These were then used to create stable lines derived from parental Tet-Off MEF/3T3 cells, which expressed the doxycycline-responsive rtTA transactivator, responded similarly to serum starvation/re-addition, and showed similar miR-503 dynamics ( Figure S2 ). In the absence of doxycycline, the derived cells expressed both exogenous miRNAs, but, upon the addition of doxycycline, transcription of the bicistronic construct was shut off.
Stable lines, expressing either the bicistronic cassette or an empty-vector control, were first arrested in G0 by serum withdrawal in the absence of doxycycline, and transcription of the exogenous miRNAs was then repressed for 12 hr by addition of doxycycline. Using northern blotting to determine levels of miR-503 and miR-122, we observed, as expected, that in the absence of doxycycline, both the pre-miRNA (detectable in the case of miR-503) and the mature miRNAs were overexpressed relative to the empty-vector control line ( Figure 2B ). As judged by the reduced signal for pre-miR-503, the 12 hr doxycycline treatment repressed transcription of the cassette. Importantly, while levels of miR-122 were unchanged after the 12 hr time course, miR-503 levels were dramatically reduced, such that after normalization to miR-122, only approximately 10% of the exogenously-derived miR-503 remained ( Figure 2B ). Additional experiments ruled out the possibility that the miRNA was secreted rather than degraded ( Figure S1H ). Thus, miR-503 is unstable in G0. Moreover, the dynamics observed during these transcriptional shut-off experiments were similar to those upon cell-cycle re-entry, further suggesting that the majority of the differential regulation upon cellcycle re-entry occurred at transcriptional and/ or processing steps.
The Instability of miR-503 Is Dependent on the Seed Region and Nucleotides at the 3 0 End The majority of miRNAs are thought to be stable (van Rooij et al., 2007) . Hypothesizing that specific nucleotides within miR-503 mediated its instability, we first generated a miR-503 derivative (m1), in which three nucleotides within the seed region were mutated, as well as the corresponding nucleotides in the star strand, so as to maintain hairpin structure ( Figure 3A and Figure S3 ). This mutated hairpin was placed within the bicistronic construct described above and used to generate stable cell lines derived from parental Tet-Off MEF/3T3 cells. After arresting these stable cell lines in G0 by serum starvation, we repeated the transcription shut-off experiment. Unlike wild-type miR-503 levels, levels of the mutant were unchanged after the transcriptional shut-off ( Figures 3B and 3C) . Indeed, miR-503m1 was now as stable as the control miRNA, miR-122, and significantly more stable than wild-type miR-503 (p = 1E-6, Student's t test). When a second derivative, containing different mutations within the seed region, was tested, similar stabilization was observed ( Figure 3B ). These data showed that the seed region of miR-503 is required for its instability.
Given the importance of the seed for the instability of miR-503, we next asked whether other members of the miR-16 family also exhibited similar instability. As miR-497 was not appreciably expressed in NIH 3T3 cells, the stability of this miRNA was determined using the same approach as that detailed above. Interestingly, miR-497 was significantly more stable than miR-503 (p = 0.001, Student's t test), again with a stability similar to that of miR-122 ( Figure 3C ). Although this result suggested that the canonical miR-16 family seed region was not sufficient to confer instability, it remained formally possible that nucleotide 8, which differs between miR-503 and the canonical members, was important for the instability of miR-503. However, when the half-life of the corresponding mutant miR-503 (m08) was assayed ( Figure 3C ), there was no significant difference from that observed with the wild-type miRNA (p = 0.39, Student's t test).
Together these data indicate that, although the seed region is required for the instability of miR-503, it is not sufficient, and other regions of the miRNA are also important for its instability.
To find the instability determinants outside the seed, we analyzed additional miR-503 mutants, generated by swapping dinucleotide pairs between the mature and star strand of the miRNA hairpin ( Figures 3A and S3A ). While mutations in the central region had no effect on the instability of miR-503, mutations at the 3 0 end (m01-m04) significantly stabilized the miRNA (Figures 3C and 3D ; p = 0.002, p = 0.0002, p = 2E-5, and p = 0.02, respectively, Student's t test), suggesting that nucleotides in this region were partially required for the degradation of miR-503. Of course, because the seed mutants (m1 and m2) were stable (Figures 3B and 3C) , this 3 0 region was not sufficient for the observed wild-type instability, leading us to conclude that both regions coordinate to destabilize miR-503.
Levels of miR-503 Increase Specifically during Arrest in G1
Both the canonical miR-16 family members and miR-503 have previously been shown to repress mRNAs whose protein products are important for the G1-S transition, such that overexpression of any of these miRNAs results in the accumulation of cells in G1 (Jiang et al., 2009; Linsley et al., 2007) . Reasoning that cell cycle regulation of the miR-16 family might reflect the enrichment of its targets in genes promoting the G1-S transition, we Figure 2 , stable derivatives of Tet-Off MEF/3T3 cells, each expressing a bicistronic cassette of a mutant miR-503 derivative and miR-122, were arrested in G0 by serum starvation in the absence of doxycycline. Transcription was shut off for 12 hr by the addition of doxycycline. Levels of miR-503, miR-122, and U6 snRNA were determined by northern blotting. In order to calculate fold change of exogenously expressed miR-503, levels were normalized to those of miR-122. For those mutant derivatives (m01, m02, m03, and m04) that could not be distinguished from endogenous, wild-type miR-503 by northern blotting, the contribution of endogenous miR-503 was estimated using U6 snRNA. Plotted in (C) are the fold changes for various mutant derivatives of miR-503 upon doxycycline addition with error bars representing standard deviation. *p < 0.05; **p < 0.005; ***p < 0.0005; and n R 3.
decided to investigate the response of this miRNA family to various cell-cycle perturbations more thoroughly. Levels of miR-503 increased in response to serum starvation ( Figure 4A ). Within 24 hr of serum withdrawal, a time period sufficient to arrest 95% of the cells, levels of miR-503 increased 7-fold. However, other types of cell-cycle arresting agents failed to elicit an increase in miR-503 levels. For instance, treatment with either aphidicolin or hydroxyurea, drugs that arrest cells in S phase, had very little effect on miR-503 ( Figure 4A) . Similarly, the mitotic inhibitor, nocodazole, also failed to increase levels of miR-503. The increases in miR-503 observed in the no treatment-and DMSO-control cells were likely due to the response of miR-503 to contact inhibition (see below). Consistent with a model of transcriptional control during such cell-cycle changes, miR-322, which was expressed from the same miRNA cluster as miR-503 ( Figure 1B) , displayed similar responses to these agents ( Figure 4A) . Thus, the increases in miR-503 and miR-322 appeared to be dependent upon arrest in G1 rather than general cell-cycle arrest. This specificity distinguished the miRNAs of the mir-322$503 cluster from other cell cycle-controlled (A) miR-503 and miR-322 specifically respond to arrest by serum starvation. NIH 3T3 cells were treated with various cell-cycle inhibitors (DMSO, aphidicolin (5 mg/ml), hydroxyurea (2 mM), nocodazole (1 mg/ml), and serum-starved) for the indicated time periods. Levels of miR-503 and miR-322 were determined by northern blotting (upper panel) and normalized with U6 snRNA (lower panel). (B) miR-503 is induced in response to low serum. After NIH 3T3 were arrested in S phase by 2 mM thymidine, cells were released into the cell cycle in the presence or absence of serum, and samples were harvested at the indicated time points. Levels of miR-503 (upper panel) were determined by northern blotting and normalized to U6 snRNA (lower panel).
miRNAs, such as the miR-34 family, which responded to various insults such as serum starvation and S phase arrest ( Figure S4) , and was consistent with the well-established role that the miR-16 miRNA family plays in the G1-S transition.
Nevertheless, an alternative explanation was formally possible. The specificity of the miR-322/503 response could reflect that the levels of these miRNAs are normally high during G1, and so the increase during serum starvation might result instead from a shift in cell-cycle distribution, rather than a response to cell-cycle arrest. In order to distinguish between these two possibilities, we arrested cells in S phase with thymidine and then synchronously released them into the cell cycle in media containing either normal or low serum. Those cells released into normal media proceeded through G1 and into the subsequent S phase ( Figure S4 ). In contrast, upon release into media lacking serum, cells proceeded through the G2 and M phases but then, as expected, arrested in the subsequent G1. Importantly, cells released into normal media did not display a significant upregulation of miR-503, which indicated that progression through G1 was insufficient to elicit this upregulation ( Figure 4B ). Indeed, miR-503 increased only in samples lacking serum and did so rapidly as cells entered the subsequent G1. Concomitant with the increase in miR-503 was an increase in the levels of pre-miR-503, consistent with a model of increased production of the pre-miRNA in response to low serum.
The miR-16 Family Is Upregulated in Response to Arrest by Contact Inhibition
In order to address whether the upregulation of miR-322 and miR-503 was specific to serum withdrawal or whether other types of arrest in G1 elicited such increases, we used contact inhibition to arrest NIH 3T3 cells. After 5 days, over 95% of cells accumulated in G0 ( Figure S5 ). Strikingly, on day 5, levels of miR-503 increased approximately 40-fold over those on day 0, when cells were growing asynchronously ( Figure 5A ). With the exception of miR-15b, other members of the extended miR-16 family also increased: miR-16 was upregulated nearly 6-fold; miR-15a, 10.7-fold; and miR-322, 32-fold. Consistent with a previous report that levels of miRNAs generally increase upon cellular contact (Hwang et al., 2009 ), let-7d increased 2.7-fold relative to total RNA, as approximated by U6 snRNA levels. However, such a change stood in contrast to the coordinated, large upregulation of most members of the miR-16 family.
In order to determine the effects of contact inhibition on miRNAs more completely, we profiled small RNAs from day-0, -3 and -5 samples by high-throughput sequencing. We first normalized reads to those from let-7d, which was affected only modestly by contact inhibition ( Figure 5A ), so as to control for the general increase in miRNA levels ( Figure 5B ). Other members of the let-7 family (let-7f, À7g, À7i, and miR-98) increased during contact inhibition ( Figure 5C ); however, these members had the lowest expression in the family and, because other miRNAs generally increase, the percentage of reads derived from the let-7 family decreased nearly 2-fold ( Figures 5B and 5C) .
In contrast to the let-7 family, many miRNAs increased dramatically during this arrest. In fact, some of the most striking examples were members of the miR-16 family, such as miR-503 and miR-322, which increased 20-and 10-fold, respectively, from day 0 and day 3 ( Figure 5D ). Consistent with our earlier observations, levels of most of the members of the miR-16 extended family increased rapidly upon contact inhibition with the majority of the upregulation occurring within the first three days: relative to let-7d, the family increased almost 4-fold by day 3 and nearly 8-fold by day 5 ( Figure 5D ). Generally, it appeared the majority of miRNAs that increased did so either early (between days 0 and 3), such as the miR-16, the miR-34 and the miR-17 families, or late (between days 3 to 5), such as the miR-199 family ( Figures 5B and 5E) . miR-21 also displayed strong upregulation ( Figure 5B ). This miRNA initially accounted for 3.9% of miRNA reads; yet, at the final time-point, miR-21 was the single most abundant miRNA, representing 18.6% of all miRNA reads. Such upregulation during growth arrest was not anticipated, because miR-21 has been reported to be upregulated in numerous cancers (Chan et al., 2005; Volinia et al., 2006) . On the other hand, hsamiR-21, along with miRNAs of the hsa-mir-17$92 cluster and hsa-miR-424 (the human homolog of miR-322), is upregulated during monocyte differentiation (Schmeier et al., 2009) . Perhaps a similar transcriptional network is activated during arrest by contact inhibition.
Not all miRNA families increased ( Figure 5B ). For example, the miR-221 family, composed of miR-221 and miR-222, did not increase relative to let-7d during contact inhibition. Because the other miRNAs generally increased, the percentage of miRNA reads derived from these two miRNAs decreased 3-fold. These miRNAs are known to increase as cells re-enter the cell cycle after arrest in G0, and this upregulation facilitates proper resumption of the cell cycle through the targeting of negative regulators of cell-cycle progression (p27 and p57) (Medina et al., 2008) . Thus the decrease upon cell-cycle arrest was consistent with a role for these miRNAs in promoting cell-cycle progression. Taken together, these results demonstrate that the miR-16 family is strongly upregulated in response to cellcycle arrest in G0, though not in other stages of the cell cycle. These data suggest a potential role for this family, as well as miR-21, the miR-199 family, and the miR-34 family, during arrest by contact inhibition.
Repression of Targets of the miR-16 Family Is Affected by Cell-Cycle Arrest and Re-entry
Having observed the dynamic response of the miR-16 family in response to cell-cycle arrest and re-entry, we wished to determine whether repression of targets was similarly affected by cell-cycle changes. Analysis of array data profiling the mRNA changes eight hours after adding back serum to serum-starved cells (Castellano et al., 2009) revealed that 105 of the 1,440 upregulated genes (p < 0.005, at least 1.2-fold induction) were predicted targets of the extended miR-16 family. This fraction represented a 1.62-fold enrichment, which was statistically significant (p < 7 X 10 À7 , hypergeometric mean test). The enrichment remained significant (p < 0.001, computed using FAME [Ulitsky et al., 2010] ) when we accounted for differences in the number of miRNA target sites overall (which was attributable to differences in 3 0 UTR length). These correlative results examining the changes of endogenous mRNAs are consistent with our model that, due to the instabilities of several miR-16 family members, repression mediated by the miR-16 family is reduced during cell-cycle entry.
In order to address more directly whether repression by these miRNAs is indeed reduced during the G0-G1 transition, reporter constructs were generated with Renilla luciferase followed by either the 3 0 UTRs of various miR-16 family targets-specifically, Cpeb2, Cdc25a and Ccne1-or those 3 0 UTRs with the miRNA sites mutated. To ensure that repression was accurately monitored during transient cell-cycle phases, the luciferase reporter was destabilized with a PEST-tag. As expected, statistically significant repression of all three constructs was observed in both asynchronous growth and during arrest by serum starvation (Figures 6A and S6) . We observed 1.3-and 1.4-fold repression for the Cpeb2 3 0 UTR during asynchronous growth and G0, respectively (p = 0.002, p = 0.006, Mann-Whitney U-test). Similarly, for the Cdc25a 3 0 UTR, the miR-16 family mediated 1.3-and 1.4-fold repression during asynchronous growth and G0 arrest (p = 2E-5, p = 3E-5, respectively). For the Ccne1 construct, repression increased from 1.2-to 1.4-fold during arrest by serum starvation (p = 0.001). Importantly, repression of all three targets was sensitive to cell-cycle re-entry: for all three targets, release into the cell cycle by addition of serum significantly reduced repression (p = 0.009 for Cpeb2; p = 0.002 for Cdc25a; and p = 0.001 for Ccne1). For 3 0 UTRs of Cpeb2 and Cdc25a, repression was reduced to the point that no significant repression was observed during cell-cycle re-entry (p = 0.20 and p = 0.28, respectively).
The increases in levels of miR-16 family members during contact inhibition suggested that their repression might also increase during this cell-cycle arrest. To test this hypothesis, luciferase assays were performed in cells that had been grown for either one day, when cells were growing asynchronously, or
Molecular Cell
The miR-16 Family and the Cell Cycle A) The miR-16 family is upregulated in response to contact inhibition. To arrest NIH 3T3 cells by contact inhibition, cells were plated at low density and allowed to become confluent over five days. Samples were taken each day, and the expression of indicated miRNAs was determined by northern blotting with normalization to U6 snRNA. (B) Arrest by contact inhibition affects miRNA levels and composition. Profiles of miRNAs during contact inhibition were determined by Illumina sequencing. miRNA distributions within the day-0, day-3, and day-5 libraries are shown. The area of each chart reflects the number of total miRNA reads, relative to the day-5 library as determined by normalizing to the northern signal for let-7d. (C and D) The effect of confluency upon let-7 and miR-16 families. Fold change of (C) expressed let-7 and (D) expressed miR-16 family members upon contact inhibition. Read numbers were normalized to let-7d. (E) Scatter plot comparing the early response of each miRNA (day 0 to day 3) to the late response (day 3 to day 5). Red squares indicate miR-16 family members; purple triangles, let-7 family members.
The miR-16 Family and the Cell Cycle six days, when cells had become fully confluent ( Figure 6B ). Repression of targets of the miR-16 family was sensitive to this cell-cycle arrest, and, for reporters with the 3 0 UTRs of Cpeb2 and Ccne1, significantly increased (p = 0.02 and p = 0.004, respectively).
DISCUSSION
Here, we have shown that the extended miR-16 family is subject to dynamic regulation in response to both G0 arrest and cell-cycle re-entry. Although the function of this family in repressing genes central for promoting the G1-S transition has been appreciated for several years, the inverse relationshipthat of the cell cycle modulating this family of miRNAshad not been described. These data moreover suggest a coherent regulatory mechanism, whereby this family of miRNAs may reinforce arrest in G0. This study also raises several interesting questions both about post-transcriptional regulation of miRNAs and also about the role of the miR-16 family in the cell cycle.
miRNA Stability
Although miRNAs generally seem to be stable (van Rooij et al., 2007) , presumably through their association with Argonaute (Kai and Pasquinelli, 2010) , recent work has highlighted the instability of some specific animal miRNAs (Bail et al., 2010; Burns et al., 2011; Chatterjee and Grosshans, 2009; Hwang et al., 2007; Krol et al., 2010) . In addition to these previously described miRNAs, we have now demonstrated that some members of the extended miR-16 family are constitutively unstable, and that this instability appears to be critical in enabling the rapid decrease in the family upon cell-cycle re-entry.
How might such degradation occur? Our observation of the importance of both the seed region and the 3 0 end in mediating the instability of miR-503 hints suggestively to target-dependent degradation. In one decay mechanism, especially active in Drosophila melanogaster, miRNAs bound to highly complementary targets are tailed and trimmed (Ameres et al., 2010) . However, this does not appear to be the primary mechanism of degradation, as judged by our analysis of untemplated nucleotides and 3 0 trimming on miR-503 and other family members ( Figure S1J ). Other potential decay mechanisms have also been described. In C. elegans, the 5 0 /3 0 exonuclease Xrn2 has been implicated in the degradation of mature miRNAs (Chatterjee and Grosshans, 2009) , and in plants and animals, 3 0 /5 0 degradation has been implicated in miRNA degradation by the small degrading nucleases (SDNs) or the cytoplasmic exosome, respectively (Bail et al., 2010; Ramachandran and Chen, 2008) . However, knockdown of homologous enzymes did not stabilize miR-503 during G0-G1 transition (Table S3) , and, thus, identification of the nucleases responsible for miR-503 degradation remains an important, outstanding question. (B) miR-16 family-mediated repression increases during arrest by contact inhibition. After transfection, NIH 3T3 cells were grown asynchronously (day 0) or allowed to arrest by contact inhibition (day 6). Fold repression was calculated and depicted as in (A).
Although the instability of miR-503 does not appear to be regulated by the cell cycle, other cellular contexts might eventually be shown to stabilize this miRNA, in which case it would be regarded as a differentially stabilized miRNA. In this regard, a new potential example of a differentially stabilized miRNA comes from a comparison of our results to those of Krol et al. (2010) . miR-16 was relatively stable during the cell cycle, whereas in mouse retinas this miRNA is unstable.
miR-16 Family, Targets, and the Cell Cycle Although various external stimuli globally affect miRNAs, the miR-16 family seems to be unique in its specific, cell-cycledependent regulation. Like the miR-34 family (He et al., 2007) , cell-cycle arrest can elicit upregulation of this family (primarily through activation of the mir-322$503 cluster), but unlike the miR-34 family, this upregulation occurs only when cells are arrested in G1. These results are consistent with the known role of this family in targeting multiple genes involved in the G1-S transition and, thus, in repressing progression through this transition (Bandi et al., 2009; Jiang et al., 2009; Linsley et al., 2007) . Because changes in the cell cycle (both arrest by contact inhibition and cell-cycle re-entry after serum addition) modulate repression mediated by the miR-16 family, we suggest that the cell-cycle regulation of the miR-16 family could serve to reinforce the G0-arrested state and thus, might be important in various developmental processes. For instance, arrest is important for the differentiation of myoblasts into myotubes, and a recent report has highlighted that, during myogenesis, the mir-322$503 cluster is upregulated (Sarkar et al., 2010) . Perhaps such a response reflects this coherent relationship between the cell cycle and these miRNAs.
Sensitivity to the levels of these miRNAs might help further explain the connection between the miR-16 family and tumorigenesis. Deletion of the mir-15a$16-1 locus is associated with B-CLL (Calin et al., 2002) , and deletion of this region in the mouse is sufficient to partly phenocopy the disease (Klein et al., 2010) . If the observed sensitivity of repression of targets (many of which are involved in the G1-S transition and growth-factor signaling) to levels of the miR-16 family were to correspond to a sensitivity of cell-cycle progression, even a two-fold reduction in miRNA levels would be sufficient to cause phenotypic changes. Accordingly, even partial downregulation of this family-through either deletion of the 13q14 region or other mechanisms-might thus alleviate some repression of cell-cycle progression upon, for instance, cell-cell contact. Investigation into the relationship between the levels of the miR-16 family, the cell cycle and repression of targets will likely be a promising avenue to address these issues.
EXPERIMENTAL PROCEDURES
Cell Culture NIH 3T3 (ATCC), 293 (ATCC), and Tet-Off 3T3/MEF cells (Clontech) were cultured as described by the manufacturer. Phoenix cells were a gift from Michael Hemann (MIT, Cambridge, USA) and cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Clontech) and penicillin/streptomycin (P/S). To generate stable Tet-Off 3T3 lines expressing bicistronic miRNA cassettes or NIH 3T3 lines stably expressing shRNAs, retroviral particles were generated. Phoenix cells, used as the packaging cell line, were transfected with Lipofectamine 2000 (Invitrogen) and TRE plasmids (see Table S3 ). After transfection (24 hr), media was replaced with DMEM supplemented with 10% FBS and P/S. Viral particles were harvested 48 hr later. After infection (24 hr), the media was replaced with complete, fresh media; after a further 24 hr, puromycin (2 mg/ml) was added. Selected, polyclonal populations were obtained after 2 days. To repress transcription of the bicistronic construct, cells were grown as recommended in the presence of 1 mg/ml doxycycline (Clontech). Before transcriptional shut-off experiments, cells were grown in the absence of doxycycline for at least 24 hr to ensure robust expression of the bicistronic construct.
To arrest cells by serum starvation, cells were first plated at low density (about 12% confluency) and then washed, 24 hr later, 3 times with 1xPBS. DMEM supplemented with P/S and 0.5% donor calf serum (DCS) or FBS (for NIH 3T3 cells or Tet-Off 3T3 cells, respectively) was then added. To release cells from arrest, after 48 hr, DMEM media containing P/S and 20% DCS or FBS, was added. For other drugs, NIH 3T3 cells were treated as follows: aphidicolin (5 mg/ml) was added for 24 hr; hydroxyurea (2 mM) was added for 18 hr; nocodazole (1 mg/ml) was added for 16 hr; and thymidine (2 mM) was added for 14-16 hr. Arrest was confirmed by FACS analysis (see below). For contact inhibition experiments, NIH 3T3 cells were plated at low density, and samples harvested at corresponding time points; media was exchanged daily.
Plasmids
See Supplemental Experimental Procedures for details of plasmid constructions. Plasmids have been deposited in Addgene.
Northern Blotting RNA was isolated using Tri-reagent (Ambion), according to manufacturer's instructions. miRNA northern blots were performed as previously described (Drinnenberg et al., 2009 ): 2.5-10 mg of total RNA were loaded, and crosslinking to the membrane was mediated by carbodiimide (Pall et al., 2007) . For a complete list of probes, see Table S2 .
FACS Analysis
Cells were harvested at appropriate time points and fixed with 75% ice-cold ethanol for at least 30 min. Cells were then stained with propidium iodide (50 mg/ml) and RNase A (40 U/ml). DNA content was measured on a FACS Calibur HTS (Benton Dickinson). The percentage of diploid cells in G1, S, and G2 was modeled by ModFitLT V3.1 software.
Luciferase Assays NIH 3T3 cells were plated in 24-well plates 24 hr prior to transfection at 6 3 10 4 cells/well. Cells were transfected using Lipofectamine 2000 and Opti-MEM with 100 ng Renilla luciferase reporter plasmid and 20 ng firefly luciferase control reporter plasmid pISO (Grimson et al., 2007) per well. Media (e.g., containing 10% DCS or 0.5% DCS) replaced the transfection media after 12 hr, and cells were harvested at various time points. Luciferase activities were measured using dual-luciferase assays, as described by the manufacturer (Promega). Renilla activity was normalized to firefly activity to control for transfection efficiency. Statistical significance was calculated using the Mann-Whitney U test.
Small RNA Sequencing and Analysis Small RNAs were cloned from total RNA as described previously (Chiang et al., 2010) and sequenced using the Illumina SBS platform. After removing adaptor sequences, 16-30 nucleotide reads were mapped to the mouse genome, allowing no mismatches and recovering all hits to miRNA loci (miRBase ver 14) (Griffiths-Jones et al., 2008) . Reads were first separated into those from the mature or star arm of the pre-miRNA hairpin. Then, when necessary, to account for the ability of multiple loci to generate the same mature miRNA, reads were annotated and pooled as corresponding to various mature miRNAs (see Tables S1 and S2 ). To determine the addition of untemplated nucleotides, non-genome matching reads were progressively trimmed from the 3 0 end and queried for their ability to match miRNA loci, until a prefix length of 16 nucleotides was reached. Untemplated tails were then manually inspected to ensure that sequencing errors did not lead to erroneous classification of tailed species.
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Microarray Analysis
We obtained processed microarray data of gene expression following release from serum starvation from GEO (accession GSE14829). Expression profiles of probes corresponding to the same gene were averaged. We compared the 0 hr and 8 hr time points from the wild-type samples and selected genes upregulated by at least 20% and with t test p value lower than 0.005. Those were compared with TargetScan 5.1 predicted targets of miR-16 family, miR-503, and the union of these targets. Correction of the p value for differences in the overall number of miRNA target sites in 3 0 UTRs of the upregulated genes (e.g., due to differences in 3 0 UTR length) was done using FAME as described (Ulitsky et al., 2010) .
ACCESSION NUMBERS
Illumina sequencing is available on the GEO, accession number GSE31225.
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